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Abstract 

Bovine coronavirus (BCoV) is a recognized cause of severe neonatal calf diarrhea, with a negative impact on animal wel- 
fare, leading to economic losses to the livestock industry. Cattle production is one of the most important economic sectors 
in Uruguay. The aim of this study was to determine the frequency of BCoV infections and their genetic diversity in Uru- 
guayan calves and to describe the evolutionary history of the virus in South America. The overall detection rate of BCoV 
in Uruguay was 7.8% (64/824): 7.7% (60/782) in dairy cattle and 9.5% (4/42) in beef cattle. The detection rate of BCoV in 
samples from deceased and live calves was 10.0% (6/60) and 7.6% (58/763), respectively. Interestingly, there was a lower 
frequency of BCoV detection in calves born to vaccinated dams (3.3%, 8/240) than in calves born to unvaccinated dams 
(12.2%, 32/263) (OR: 4.02, 95%CI: 1.81-8.90; p = 0.00026). The frequency of BCoV detection was higher in colder months 
(11.8%, 44/373) than in warmer months (1.5%, 3/206) (OR: 9.05, 95%CI: 2.77—29.53, p = 0.000013). Uruguayan strains 
grouped together in two different lineages: one with Argentinean strains and the other with Brazilian strains. Both BCoV 
lineages were estimated to have entered Uruguay in 2013: one of them from Brazil (95%HPD interval: 2011-2014) and the 
other from Argentina (95%HPD interval: 2010-2014). The lineages differed by four amino acid changes, and both were 
divergent from the Mebus reference strain. Surveillance should be maintained to detect possible emerging strains that can 
clearly diverge at the antigenic level from vaccine strains. 
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Rubén Dario Caffarena and Maria Laura Casaux, Carlos Schild 
contribute equally to this work. Bovine coronavirus (BCoV) is recognized as a cause of 
severe neonatal calf diarrhea (NCD), respiratory tract 
infections in calves, and winter dysentery in adult cattle [1]. 
NCD has a negative impact on animal welfare and leads to 
economic losses to the livestock industry due to the costs 
of treatment and prophylaxis, increased susceptibility to 
other diseases, increased mortality, and long-term residual 
effects, such as reduced growth rates and milk production 
[2-5]. Neonatal calf diarrhea is the major cause of death in 


unweaned heifers [6]. 
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Cattle production is one of the main economic sectors in 
Uruguay, accounting for 33% of the exports and 5% of the 
gross domestic product, with 11,739,000 head of cattle [7]. 
Worldwide, Uruguay is one of the main exporters of bovine 
meat [8] and dairy products [9]. 

Bovine CoV belongs to the species Betacoronavirus 1, 
which was recently assigned by the International Commit- 
tee on Taxonomy of Viruses (ICTV) to the order Nidovi- 
rales, suborder Cornidovirineae, family Coronaviridae, 
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subfamily Orthocoronavirinae, genus Betacoronavirus, 
and subgenus Embecovirus [10]. Members of the species 
Betacoronavirus 1 infect not only cattle and wild rumi- 
nants [11] but also other mammals such as equids (equine 
coronavirus) [12], humans (human coronavirus OC43) and 
pigs (porcine hemagglutinating encephalomyelitis virus) 
[13]. 

Bovine CoV has a 32-kb, single-stranded, positive-sense 
RNA genome — the largest among known RNA viruses [13]. 
Bovine CoV viral particles are enveloped and pleomorphic 
and contain five structural proteins. Four are external and 
glycosylated: the transmembrane (M), the small envelope 
(E), the hemagglutinin-esterase (HE) and the spike (S) pro- 
teins. The other, the nucleocapsid (N) protein, is internal 
[14, 15]. 

The biological functions of the S protein of CoV include 
primary attachment to target cells and membrane fusion. 
The S protein is cleaved to produce the N-terminal S1 and 
C-terminal S2 glycopolypeptides. The hypervariable region 
within S1 is associated with some of the antigenic differ- 
ences, being the major inducer of virus-neutralizing anti- 
bodies, and may also be associated with host range and tis- 
sue tropism. Most of the differences in S1 occur between 
virulent and non-virulent strains [16]. The hypervariable S1 
genomic region has been widely used to study the genetic 
variability and evolution of the virus, including the few 


Table 1 Sample information Diarrhea 
type 


Yes No ND 
n 266 297 261 782 


ND: not determined 


Exploitation 


Dairy Beef 1-7 8-14 
42 153 220 113 38 20 280 
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studies on molecular characterization of BCoV strains con- 
ducted in the South American region [17-19]. 

To date, little is known about the genetic diversity of 
BCoV in South America, where the few studies that have 
been done were mainly restricted to Brazil and Argentina, 
as mentioned above, and information about its evolutionary 
history in this region is lacking in the scientific literature. 
Furthermore, the genetic diversity of BCoV in Uruguay has 
not been investigated. 

The aim of this study was to determine the frequency of 
BCoV infection in Uruguayan calves, to examine the genetic 
diversity of the virus, to identify risk factors associated with 
the frequency of BCoV detection, and to investigate the evo- 
lutionary history of BCoV in the South American region 
through phylogenetic, phylodynamic, and phylogeographic 
analyses. 


Materials and methods 

Sample collection and fecal suspensions 

A total of 824 samples of feces (763) and intestinal contents 
(61) were obtained from beef and dairy cattle in Uruguay 


between July 2015 and December 2017; additional informa- 
tion on sample origins is detailed in Table 1 and Fig. 1. A 


Dams 
vaccinated! 


Age (days) 


15-21 22-28 >28 ND Yes No ND 


240 263 321 


' Vaccination against neonatal calf diarrhea. Most available vaccines in the Uruguayan market include 
bovine coronavirus 


Fig.1 Map of Uruguay showing the 19 departments into which the 


country is divided. a) Sampling. b) Rate of BCoV detection in beef 


and dairy cattle combined. c) Rate of BCoV detection in beef cattle. 
d) Rate of BCoV detection in dairy cattle. Departments from which 


A Springer 


samples were obtained are shown in blue, those in which BCoV was 
detected are shown in red, and those in which BCoV was not detected 
are shown in green 


Bovine coronavirus in Uruguay 


survey conducted to collect information about management 
and problems associated with dairy cattle farming (the farms 
were randomly selected and representative of the dairy area 
in southwestern Uruguay) and the intensive production sys- 
tem facilitated the collection of a large number of samples 
(782). On the other hand, beef cattle sampling was carried 
out by personal contact with farmers in order to encompass 
as many departments (geographic regions) as possible, but 
the extensive production system of beef cattle in Uruguay 
hindered access to the samples (42), and this is a limitation 
of this work. Samples were diluted 1:10 (v:v) in phosphate- 
buffered saline solution and centrifuged at 3000 g for 20 
minutes at 4 °C, and supernatants were collected and stored 
at — 80 °C. 


RNA extraction and reverse transcription 


Viral RNA was extracted using a QIAamp cador Pathogen 
Mini Kit (QIAGEN), following the manufacturer’s instruc- 
tions. Reverse transcription (RT) was carried out using 
RevertAid Reverse Transcriptase (Thermo Fischer Scien- 
tific) and random hexamers primers (QIAGEN) following 
the manufacturer instructions. All RNAs and cDNAs were 
stored at — 80 °C. 


Polymerase chain reaction assay for bovine 
coronavirus 


The initial screening of the samples for identification of 
BCoV was carried out using a real-time polymerase chain 
reaction (PCR) targeted the S gene, following a standard 
operating procedure kindly provided by Dr. Stephanie Ros- 
sow from the University of Minnesota Veterinary Diag- 
nostic Laboratory. Briefly, 12.5 uL of SensiFAST™ Probe 
No-ROX Kit (Bioline), 1.0 pL of 10 M BCoV Minn F 
primer (TGTTTTAAAGCTTCCACAAATTTCTG), 1.0 pL 
of 10 uM BCoV Minn R primer (AACCAGCATCTATAC 
CAGGACCAT), 0.5 uL of 10 uM BCoV Minn S probe 
(Cy5-CGTGTAAATTGGATGGGTCTTTGTGTGTAG 
GT-BHQ-2) and 5.0 pL of nuclease-free water were mixed 
in 0.2-mL PCR tubes. The PCR cycling conditions were 
95 °C for 10 minutes, followed by 45 cycles of 95 °C for 15 
seconds and 50 °C for 45 seconds. 

In order to obtain sequences for evolutionary analysis, 
positive samples detected by the real-time PCR assay were 
further amplified using a heminested PCR targeting to the 
S gene, using primers described elsewhere [17]. Briefly, for 
the first round of the heminested PCR, 12.5 pL of Mango- 
Mix™ (Bioline), 5 uL of cDNA, 3.9 uL of nuclease-free 
water, 1 uL of dimethyl! sulfoxide, 1.3 uL of 10 M SINS 
primer, and 1.3 pL of 10 uM primer SIHA were mixed in 
0.2-mL PCR tubes and subjected to an initial step of 5 min- 
utes at 95 °C, followed by 35 cycles of 94 °C for 1 minute, 


53.4 °C for 1 minute, and 72 °C for 1 minute, ending with 10 
minutes at 72 °C for final extension. For the second round, 
12.5 uL of MangoMix™ (Bioline), 2 uL of the PCR product 
from the first round, 7.5 uL of nuclease-free water, 1 pL of 
dimethyl sulfoxide, 1 uL of 10 M SINS primer, and 1 uL of 
10 pM primer SINAS were mixed in 0.2-mL PCR tubes and 
subjected to an initial step of 5 minutes at 95 °C, followed 
by 40 cycles of 94 °C for 1 minute, 58.4 °C for 1 minute and 
72 °C for 1 minute, ending with 10 minutes at 72 °C for final 
extension. The predicted PCR products were 785 bp and 488 
bp long for first and second round, respectively (modified 
from reference 17). 


Purification and sequencing of PCR products 


PCR products were visualized in 2% agarose gels, and posi- 
tive samples were purified using a PureLink™ Quick Gel 
Extraction and PCR Purification Combo Kit (Invitrogen) 
according to the manufacturer’s instructions, and both DNA 
strands were sequenced by Macrogen Inc. (Seoul, South 
Korea). Sequences were deposited in the GenBank database 
with accession numbers MK318150-MK318179. 


Phylogenetic analysis 


Partial spike sequences were downloaded from GenBank 
(https://www.ncbi.nlm.nih.gov/genbank/, Table S1) and, 
together with the Uruguayan sequences obtained in this 
study, were aligned using Clustal W, implemented in MEGA 
7 software [20]. A curated alignment of 443 nucleotides (nt) 
was obtained (corresponding to positions 24,984-25,426 of 
the Mebus strain). The nucleotide substitution model that 
best fit the alignment (TIM3+I+G,) was chosen and a max- 
imum-likelihood tree was constructed using W-IQ-TREE 
(available at http://iqtree.cibiv.univie.ac.at) [21]. The branch 
support was estimated using the approximate likelihood- 
ratio test (aLRT) [22]. 


Phylodynamic and phylogeographic analysis 


Considering that South American strains grouped together 
in two lineages, all of the available sequences of the S region 
of the BCoV genome available in GenBank from South 
America were downloaded (Table S2), although some of 
the Brazilian and Argentinean sequences were shorter than 
the ones obtained in our study. In order to include these 
sequences from the South American region, the fragment 
used for evolutionary analysis was smaller than that used for 
phylogenetic analysis. Sequences were aligned using Clustal 
W implemented in MEGA 7 software [20], and an align- 
ment of 332 nt was obtained (corresponding to positions 
25,021-25,352 of the Mebus strain). The temporal struc- 
ture of the dataset was evaluated using TempEst [23]. The 
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substitution model that best fit the alignment was determined 
using MEGA 7 software, and used as prior (TN93, [24]) in 
the analysis implemented in the BEAST v1.8.4 package [25]. 
Combinations of molecular clocks (strict, relaxed lognormal 
and relaxed exponential) and coalescent tree priors (con- 
stant, exponential, and skyline) were evaluated using Bayes 
factors. The uncorrelated relaxed with exponential distribu- 
tion molecular clock and the Bayesian Skyline coalescent 
model were selected, and the country location was used as 
a trait for the phylogeographic analysis. The Markov chain 
Monte Carlo length was 200 million generations, obtaining 
10,000 parameters samples. Effective sample size (ESS) was 
evaluated in Tracer v1.6.0, and ESS values higher than 200 
for all parameters were accepted. 

A maximum clade credibility tree (MCCT) was obtained 
using TreeAnnotator software from the BEAST v.1.8.4 pack- 
age and visualized in FigTree v1.4.3. A Bayesian Skyline 
plot was generated using Tracer v1.6.0. 


Signature patterns distinguishing Uruguayan 
lineages 


Viral Epidemiology Signature Pattern Analysis (VESPA) 
[26], available at: https://www.hiv.lanl.gov/content/seque 
nce/VESPA/vespa.html) was used to detect patterns that 
could differentiate the lineages of BCoV circulating in Uru- 
guayan cattle, using only the local strains and the translated 
alignment obtained for the phylogenetic analysis (the first 
nucleotide was excluded to have an in-frame translation). 
Moreover, both lineages were compared with the reference 
strain Mebus, which is used in the vaccines currently avail- 
able on the market. 


Statistical analysis 


Data were organized and graphics were generated using 
Microsoft Office Excel. Categorical data were evaluated 
using Pearson’s chi-squared test with jamovi software 
(available at: https://www.jamovi.org/). Differences were 
considered statistically significant if the p-value was lower 
than 0.05. Odds ratios (OR) and 95% confident intervals 
(CD were calculated for groups with statistically significant 
differences, using jamovi software. In multiple comparison 
Chi-square tests, the Bonferroni correction was applied. 


Results 
Frequency of BCoV detection in Uruguay 
The study covered 11 departments of the 19 into which 


Uruguay is geographically divided (Fig. la). Bovine CoV 
was detected in 6 out of 11 departments (55%) (Fig. 1b); 
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the frequency of detection in each department was as fol- 
lows: 6.9% (8/116) in Colonia, 7.1% (2/28) in Florida, 
14.7% (21/143) in Río Negro, 22.2% (2/9) in Rocha, 6.4% 
(15/233) in San José, and 12.5% (1/8) in Tacuarembó. 
BCoV was detected in 3 of the 6 departments sampled 
for beef cattle (50%) (Fig. 1c), and 4 of the 6 departments 
sampled for dairy cattle (67%) (Fig. 1d). 

The overall detection rate of BCoV in Uruguay was 
7.8% (64/824). The frequency of BCoV detection in 
dairy and beef cattle was 7.7% (60/782) and 9.5% (4/42), 
respectively (Fig. 2a); this difference was not statistically 
significant (p = 0.69). The detection rate of BCoV in 
samples from deceased calves (10.0%, 6/60) was higher 
than in samples from live calves (7.6%, 58/763), although 
this difference was not statistically significant (p = 0.50) 
(Fig. 2b). 

Interestingly, calves born to unvaccinated dams showed 
higher frequency of BCoV infection (12.2%, 32/263) than 
calves born to vaccinated dams (3.3%, 8/240). This dif- 
ference was statistically significant (OR: 4.02, 95%CI: 
1.81-8.9; p = 0.00026) (Fig. 2c). 

As shown in Fig. 2d, BCoV was detected in 6.5% 
(10/153), 5.5% (12/220), 11.5% (13/113), 18.4% (7/38), 
and 15.0% (3/20) of the calves in the first, second, third, 
and fourth week and after the fourth week of life, respec- 
tively. A statistically significant difference was observed 
between the second and the fourth week of age (OR: 3.91, 
95%CI: 1.43-10.70; p = 0.0047). No statistical differences 
were observed between BCoV frequency of detection and 
diarrhea when all age groups were analyzed together: 6.5% 
(17/263) in diarrheic and 10.8% (32/295) in non-diarrheic 
calves (p = 0.068), however, in the first week of calves’ 
life, the BCoV detection rate was statistical higher in diar- 
rheic 12.1% (7/58) than non-diarrheic 3.2% (3/92) calves 
(OR: 4.21, 95%CI: 1.04-16.99; p = 0.030). In the other age 
groups, the BCoV frequency was lower in diarrheic versus 
non-diarrheic calves: 3.9% (6/152) vs. 8.8% (6/68), 2.9% 
(1/34) vs. 15.2% (12/79), 14.3% (1/7) vs. 19.4% (6/31) 
and 12.5% (1/8) vs. 16.7% (2/12), in the second, third, and 
fourth week, and after the fourth week of life, respectively, 
but no statistically significant differences were observed. 

As shown in Fig. 2e, BCoV was detected with a sea- 
sonal distribution, mainly in June, July and August, which 
are the coldest months in Uruguay. In addition, two groups 
were analyzed based on monthly average temperature 
using a cutoff value of 13 °C considering that the mean 
monthly temperature is below the cutoff in June, July and 
August and above the cutoff in the rest of the months. 
The frequency of BCoV detection was significantly 
higher in the months with average temperature <13 °C 
(11.8%, 44/373) than in those with an average tempera- 
ture >13 °C (1.5%, 3/206) (OR: 9.05, 95%CI: 2.77-29.53, 
p = 0.000013). 
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Fig.2 Comparison of BCoV detection rates in different groups. a) 
Frequency of BCoV detection in beef vs. dairy cattle. b) Frequency 
of BCoV detection in live vs. dead calves. c) Frequency of BCoV 
detection in calves born to vaccinated vs. unvaccinated dams. d) 
Frequency of BCoV detection according to the age in weeks in diar- 


Phylogenetic analysis 


In Fig. 3, the phylogenetic relationship between the Uru- 
guayan BCoV strains and those for which sequences were 
obtained from the GenBank database is shown. Geographi- 
cally associated (continent-specific) lineages were observed, 
and Uruguayan strains grouped in the two South American 
lineages, one of them with Argentinean strains and the other 
with Brazilian strains. 


Phylodynamic and phylogeographic analysis 
of BCoV in South America 


An MCCT (Fig. 4a) also showed that the Uruguayan BCoV 
strains grouped together in two different lineages: one with 
Argentinean and the other with Brazilian strains. The 


rheic and non-diarrheic calves, and the total number of calves. e) Fre- 
quency of BCoV detection according to the month of sampling. f) 
Frequency of BCoV detection according to the ambient temperature. 
Comparisons between groups with statistically significant differences 
are shown 


substitution rate estimated in this analysis was 1.39 x 107° 
substitutions/site/year (s/s/y) (95% highest posterior den- 
sity [95%HPD] interval: 8.3 x 1074-2.0 x 107%), and the 
most recent common ancestor (MRCA) of each lineage 
was dated to 1992 (95%HPD interval: 1985-1994) located 
in Argentina with a probability of 0.99, and in 2000 
(95%HPD interval: 1994-2002) located in Brazil with a 
probability of 0.99. More information about key nodes is 
detailed in Table 2. 

These BCoV lineages were estimated to have entered 
Uruguay in 2013: one of them from Brazil (95%HPD inter- 
val: 2011-2014) and the other from Argentina (95%HPD 
interval: 2010-2014) (Fig. 4c). 

A Bayesian skyline plot showed that the population size 
of BCoV in South America was constant in the last two 
decades, with some minor fluctuations (Fig. 4b). 
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Fig.3 Phylogenetic analysis. A maximum-likelihood tree was con- 
structed with TIM3 plus gamma plus invariant sites as the nucleotide 
substitution model. Uruguayan strains from this study are indicated 
by red and blue circles, and the Mebus strain is indicated by a black 
circle. aLRT values at key branches and continent-specific lineages 
are shown. Branches are colored according to the continent of strain 


Country 


Argentina 
E Brazil 
M Uruguay 


Ern 


isolation: orange (EU), purple (NA), green (AS), red (SA, lineage 
with Argentinean strains), blue (SA, lineage with Brazilian strains), 
and brown (strains from a continent of isolation different from the 
continent-specific lineage). AS, Asia; EU, Europe; NA, North Amer- 
ica; SA, South America 


1990 1995 2000 2005 2010 2015 


Fig.4 Phylogeographic analysis. a) Maximum clade credibility tree. 
Branches are colored by most probable country location: blue for 
Uruguay, green for Brazil, and red for Argentina. Key nodes 1-7 are 
indicated (for which more information is available in Table 2). b) 
Population dynamics of BCoV in South America. The Bayesian sky- 


Signature patterns distinguishing Uruguayan 
lineages 


Four amino acid (aa) differences between the two BCoV 
lineages circulating in Uruguay were detected. These 
changes were N44D, A46S, S62T and Y77H (positions 
refer to the partial sequences used for the analysis). When 
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line plot shows the evolution in population size. Median (dark line) 
and upper and lower 95% HPD (blue lines) estimates of effective pop- 
ulation size (y-axis) through time in years (x-axis) are shown. c) The 
two entries of BCoV to Uruguay in 2013 are indicated with arrows: 
red from Argentina and green from Brazil 


the Uruguayan BCoV sequences were compared with 
the Mebus reference strain, six aa changes (4.0%) were 
observed in all the Uruguayan strains, and three additional 
aa changes were observed, totalizing nine aa changes 
(5.4%), with more than 75% of the Uruguayan sequences 
containing these changes (Fig. 5). 


Bovine coronavirus in Uruguay 


Table 2 Key nodes for the information shown in Fig. 4 


Node Country Year 95% HPD year Country 
probability 

1 Uruguay 2013 2011 - 2014 0.99 

2 Uruguay 2013 2010 - 2014 0.99 

3 Brazil 2011 2008 - 2012 0.99 

4 Argentina 2010 2007 - 2012 0.81 

5 Brazil 2000 1994 - 2002 0.99 

6 Argentina 1992 1985 - 1994 0.97 

7 Argentina 1987 1966 - 1994 0.72 
Discussion 


NCD can be associated with more than 50% of fatalities in 
calves [6]. Although multiple factors are involved, BCoV 
is one of the various pathogens associated with this syn- 
drome. The cattle industry is one of the main sources of 
income in Uruguay, and this country is one of the main 


455 457 458 462 465 470 484 492 494 495 499 501 503 510 514 525 528 531 
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exporters of meat and dairy products worldwide [7-9]. 
In this work, we demonstrate the circulation of BCoV in 
calves in Uruguay, with a frequency of 7.8%, which is 
higher than in Argentina (1.71%) [18] but lower than in 
Brazil (14.9 - 33.3%) [17, 27, 28]. 

The frequency of BCoV detection was higher in beef cat- 
tle than dairy cattle, in contrast to what has been reported 
in Argentina [18], although the difference observed in our 
study was not statistically significant. Moreover, it is worth 
mentioning that the sampling was not evenly distributed 
because many more samples were analyzed from dairy 
calves (782) than from beef calves (42). In addition, dairy 
cattle are concentrated in the southwest region of the coun- 
try, whereas beef cattle are dispersed throughout the rest 
of the country [7]. Despite the difference in sampling, we 
considered the inclusion of beef cattle samples relevant, but 
the results should be interpreted with caution. We could 
not determine if the observed differences were due to the 
breed of cattle, calf management, production type and/or 
geographical region, so further studies are needed to clarify 
these points. 
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Fig.5 Amino acid sequence alignment. Comparisons were done 
between the Mebus strain and the Uruguayan strains, and also 
between the two lineages circulating in Uruguay. Accession numbers 
of Uruguayan strains related to Argentinian and Brazilian strains are 
shown in red and green, respectively. The Mebus strain sequence was 
used as a reference. Numbers above the amino acid sequence indicate 
the position of the complete spike sequence of strain Mebus (acces- 
sion number: U00735). Dots indicate conserved positions, and amino 


acid changes are represented using the corresponding one-letter sym- 
bol. Positions with more than 80% of strains containing differences 
are indicated by squares. Red, 100% of Uruguayan strains different 
from Mebus; orange, > 75% of Uruguayan strains different from 
Mebus; pink, > 50% of Uruguayan strains different from Mebus; dark 
blue, 100% of strains with differences between lineages; in light blue, 
> 50% of strains with differences between lineages, black, and other 
changes 
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Strategies to prevent NCD should be directed toward 
enhancing host immunity and reducing the viral load in the 
environment [29]. There is evidence that the latter goal is 
not being met in Uruguay [30]; however, vaccination against 
NCD is a strategy used to enhance host immunity (48% of 
the calves in dairy farms in this study were born to vacci- 
nated dams, Table 1). Interestingly, we observed that vac- 
cination of the dam was associated with a reduced likeli- 
hood of BCoV being detected in the calves. It is important 
to clarify that the information collected about vaccination in 
this study refers to vaccination against NCD and not specifi- 
cally against BCoV, and although most vaccines include a 
strain of BCoV, there are some exceptions. Therefore, the 
impact of vaccines on the reduction of BCoV needs to be 
investigated further. On the other hand, BCoV detection 
was higher in dead calves with diarrhea than in live calves 
(although not statistically significant), in concordance with 
previous data [31]. 

Interestingly, the frequency of BCoV detection and the 
proportion of diarrheic to non-diarrheic samples containing 
the virus varied with the age of the calves. While the fre- 
quency of BCoV detection was higher from the third week 
of age, the higher frequency of BCoV detection in diarrheic 
calves than in non-diarrheic calves was only observed in the 
first week of life. Colostral antibodies persist in calves for 
approximately 3 weeks, and between the third and fourth 
week of age, antibody titers from passive transfer are low, 
and the calf is just beginning to mount its own antibody 
responses to environmental microbiota [32]. The higher fre- 
quency of BCoV detection in the third and fourth weeks of 
age in our study might correspond to this decline in colostral 
immunity. On the other hand, the only age group with a 
higher BCoV detection rate in diarrheic samples than in non- 
diarrheic samples was the first week of age, in agreement 
with previous studies in which the susceptibility of calves 
to NCD caused by BCoV was found to be higher in the first 
days of life [33-36]. 

Notably, BCoV was detected mainly in the coldest 
months. Since BCoV is more stable at lower temperatures 
and lower levels of ultraviolet light [37], this might be a 
reason why BCoV is most frequently detected in winter [38, 
39]. In Uruguay, according to the Uruguayan Institute of 
Meteorology INUMET), in June, July and August (in addi- 
tion to the temperature), the time of direct insolation, the 
vapor pressure, and the cumulative rainfall are also lower 
than in the other months, and the average relative humid- 
ity and the atmospheric pressure are higher than in the 
remainder of the months. Therefore, although we focused 
on the average temperature in this report, some (or all) of 
the above-mentioned factors could have been involved in 
the higher detection rate of BCoV in those three months. 
The higher frequency of BCoV detection in winter may be 
due to cattle shedding the virus year after year in the winter 
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months, as the incidence of coronavirus shedding in non- 
vaccinated cows that delivered in the winter months has been 
reported to increase at parturition [38]. Calves born to BCoV 
carrier dams have a significantly higher risk of developing 
BCoV-induced diarrhea due to periparturient exposure from 
fecal contamination, and if calves are raised in groups, trans- 
mission between them is expected [31, 38, 40, 41]. 
Although only one serotype of BCoV has been identi- 
fied, there is increasing evidence of divergence of recent 
isolates from the historical reference strain used for most 
vaccine formulations (Mebus strain) [18, 42, 43]. In this 
regard, the strains detected in this study are divergent from 
the Mebus strain, as observed in the phylogenetic analysis, 
and nine amino acid differences were observed between the 
Uruguayan strains and Mebus. Four of these differences 
(together with several nucleotide changes, not shown), are 
associated with divergence between the Uruguayan lineages, 
although both appear to have entered to Uruguay in the same 
year and from neighboring countries. Surveillance is neces- 
sary to determine if vaccine strains are still effective against 
the new variants that are emerging, and if strains are found to 
have antigenic differences, they should be studied and possi- 
bly included in the vaccine formulations. Uruguayan BCoV 
strains that diverged from the Mebus strain were found to 
cluster with the Argentinean isolate Arg95. Mebus-induced 
neutralizing antibodies were capable of neutralizing the 
Arg95 strain and vice versa, indicating that the aa differ- 
ences were not enough to establish a new serotype [18]. It is 
worth mentioning that some strains (56%, 34/60) could not 
be amplified by conventional PCR, despite the fact that they 
were detected in positive samples by real-time PCR, which 
could be explained by a difference in the sensitivity of the 
methods and/or possible mutations in the primer regions. 
Bayesian MCCT confirmed the two lineages circulat- 
ing in Uruguay that were identified in the ML tree. One of 
the lineages entered from Argentina, and the other entered 
from Brazil, and both lineages entered in the same year 
(2013), which strongly suggests that there are biosecurity 
shortcomings leading to the transboundary spread of BCoV 
between these countries. However, factors that may have 
led to the introduction of these two viral lineages in the 
same year from two neighboring countries remain largely 
unknown. The substitution rate estimated in this analysis was 
1.39 x 107° s/s/y, faster than previous estimates: 6.1 x 1074 
s/s/y [44] and 8.7 x 1074 s/s/y [45]. Both previous analyses 
were carried out using complete S gene sequences (the first 
together with other betacoronavirus 1), while in our analysis, 
partial S genome sequences corresponding to a hypervari- 
able region were used, which is expected to show a faster 
evolutionary rate and could explain this difference. The 
MRCA of the BCoV lineages circulating in South America 
was dated to 1987, and both lineages have been circulating 
for approximately 20 years on this continent: one of them 
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in Argentina since 1992, and the other in Brazil since 2000, 
both spreading later to Uruguay. Based on our analyses, 
since the entry of BCoV lineages into South America, the 
population size seems to have been constant, although low 
fluctuations can be observed. 


Conclusions 


The two lineages of BCoV detected in this study have been 
circulating in Uruguayan cattle since 2013, on both beef and 
dairy farms. BCoV-positive calves in their first week of life 
are more likely to have diarrhea than older BCoV-positive 
calves. Winter months with lower temperatures were asso- 
ciated with a higher frequency of BCoV detection. Field 
BCoV strains in Uruguay are not divergent enough from 
reference vaccine strains to affect their antigenicity, suggest- 
ing that vaccination with currently available vaccines could 
represent an effective BCoV control strategy, although sur- 
veillance should be maintained to detect possible emerging 
strains that could diverge at the antigenic level from vaccine 
strains. Biosafety capabilities and biosecurity shortcom- 
ings between South American countries should be further 
assessed. 
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